In this work we have studied the variable range hopping as a predominant electronic transport mechanism for semiconductor materials used as absorbent layer in photovoltaic devices. Dark conductivity measurements were carried out from 120 to 420 K in Si, Cu3BiS3, SnS, Cu2ZnSnSe4, and CuInGaSe2 thin lms. In the low-temperature range, variational range hopping was established for all samples. Using classical equations from the percolation theory and the diusional model, the density of states near the Fermi level (NF), as well as the hopping parameters (W activation energy and R hopping range) were calculated. A correlation between both models allowed us to evaluate the validity of the diusional model in semiconductor compounds.
Introduction
In recent years, technology in the development of photovoltaic devices has focused its interest in the application of ternary and quaternary semiconductor materials for disposal as absorber layer in solar cells [14] . Of these materials one can emphasize compounds such as Cu 3 BiS 3 , CuInGaSe 2 (CIGS), SnS, and Cu 2 ZnSnSe 4 (CZTSe), among others. Mono-and microcrystalline silicon is still being investigated to develop thin lm solar cells and optoelectronic devices [5, 6] . The studies related to electric transport have focused on understanding the mechanisms governing the transport and lead to the quality of material for application in photovoltaic devices [79] .
In this work measurements of conductivity (σ) as a function of temperature for compounds of Cu 3 BiS 3 , CIGS, SnS, and Cu 2 ZnSnSe 4 were done. Measurements were carried out between 120 and 420 K. It was observed that the conductivity measurements as a function of temperature are characterized by the Arrhenius type behavior for the region of T > 300 K, leading to thermally activated carrier transport between the bands. For the low temperature region it was found that the mechanism governing the transport between variable range hopping (VRH) is the localized states near the Fermi level.
A detailed study on the parameters that characterize the VRH transport is presented: activation energy and range hopping via percolation theory. We report, comparatively, the values obtained through the diusion model for these parameters along with the density of states near the Fermi level for each of the compounds. * corresponding author; e-mail: adussanc@unal.edu.co From the correlation between the two models there is demonstrated the validity of the diusional model for obtaining the parameters that characterize the hopping behavior of semiconductor materials.
Diusional model
Most of the studies carried out has reported that for semiconductor materials for the region of low temperatures (i.e. for T < 273 K), the conductivity does not have Arrhenius behavior that indicates a conduction process via thermal activation [8, 10, 11] . Contrary to the above the percolation theory has been widely used to study and explain the possible mechanisms of transport of semiconductor materials.
According to the Mott equation in the case of 3D [12] (see Eq. (1)) the density of states is considered constant over a range of k B T energy around the Fermi level
where T is the absolute temperature, and T 0 are constants depending on the material. Using percolation theory it is possible to nd the values of the parameters W and R, which characterize the hopping transport, however, due to the discrepancy in the expected range for these parameters, we developed in a previous work [7] a model, called diusional model, which takes into account on the one hand, the relationship between the diusion coecient and the probability of hopping, and on the other hand, the Einstein relation between mobility and diusion coecient and conductivity. We have found a factor of dependence between hopping parameters obtained through percolation theory obtained from the diffusion model, which signicantly improved the value corresponding to the activation energies of variable range hopping (see Table I ). [7] .
Percolation theory
Diusional model Figure 1a shows the conductivity curves obtained for the samples of the compounds CIGS, Cu 3 BiS 3 , SnS, and CZTSe. We have additionally included one of the measurements carried out in microcrystalline silicon (m-Si), given that this material is also one of the semiconductors used in the manufacture of photovoltaic devices. Figure 1b shows the σ of CZTSe compound separately. For the latter case, the high values in the conductivity of the material are attributed to the presence of Cu in the preparation stage [14] . In Fig. 1 it is clearly visible that the conductivity curves as a function T −1/4 exhibit behavior where low temperature can be adjusted with a linear function and this behavior demonstrates the transport of charge carriers via processes hopping between states present on the band-gap of the material. As established by Mott [12] the VRH is characterized by parameters that relate the energy gap between traps or activation hopping (W ) and the distance between jumps or hopping range (R). Table II reports the values obtained by both the percolation theory and the diusional model, VRH parameters for each of the samples. 0.06359 Table II shows the values obtained for the range hopping both the diusion model as from percolation theory are consistent with each other. However, hopping activation energy calculated from percolation theory is notoriously much higher than that obtained by the diusion model. This was also observed in samples of microcrystalline silicon compensated with boron [7] .
Results and discussion
The values reported in Table II corresponding to W from the diusion model, conrm the initial assumption that the band-width around the Fermi level, which is responsible for driving the mechanism of VRH, is too narrow for the region of low temperatures. In accordance with the above it can be seen in Fig. 2 that the values of R increase as the temperature decreases while the opposite occurs with hopping activation energy. This fact characterizes the mechanism of VRH, where carriers tend to perform jumps over great distances in order to nd sites that remain energetically closer than its near neighbors. Table I shows that the calculated values for N (E F ) are consistent with those expected for materials that are used in the manufacture of photovoltaic devices [7, 16, 17] . Density of states acceptable for semiconductor materials must be established between a range of 10 15 to 10 20 cm 3 eV −1 , with defect states in the gap that enable the transport of carriers. These states can be addressed and emptied into the energy dependence acquired by thermal processes.
Conclusions
Conductivity measurements were carried out on semiconductor samples of Cu 3 BiS 3 , CIGS, SnS, and CZTSe. It was shown that the transport mechanism that governs the low temperature region is the VRH. It was observed, in all cases, that a good agreement occurs between the values obtained for the parameter R by both the percolation theory and the diusion model. It was found that in diusional model, the value of the hopping activation energy decreases substantially in accordance with the behavior expected for a VRH.
